Skeletal muscle wasting induced by prolonged periods of muscle disuse due to immobilization, chronic bed rest, physical inactivity, or spaceflight causes dramatic muscle atrophy via multiple signaling pathways. However, the molecular mechanisms of muscle wasting are not completely understood. Histone deacetylase (HDAC) 4 is a central component of muscle transcriptional reprogramming upon denervation. We recently examined the changes in the nuclear expression of HDAC4 and its downstream targets in immobilization-induced rat skeletal muscle atrophy. Nuclear abundance of HDAC4 was found to enhance the transcription of myogenin and MyoD, muscle-specific transcriptional regulators, and induce the expression of atrogin-1, a central component of muscle atrophy. These data demonstrated that the cellular localization of HDAC4 and downstream proteins may play an important role in disuse-induced rat skeletal muscle atrophy.
Prolonged periods of muscle disuse due to immobilization, chronic bed rest, physical inactivity, or spaceflight can result in a significant decrease in the cross-sectional area of individual myofibers [1] . Skeletal muscle mass is balanced by protein synthesis and degradation. Protein synthesis and breakdown are regulated through multiple signaling pathways; decreased protein synthesis and/or increased protein degradation contribute to loss of muscle protein [2, 3] . Although decline in protein synthesis occurs rapidly following hindlimb unloading, disuse-induced muscle atrophy is mainly due to increased protein degradation in rat skeletal muscle [3] [4] [5] . Numerous studies have demonstrated that two proteolytic pathways are involved in muscle protein degradation during disuse-muscle atrophy, namely the ubiquitin-proteasome and autophagy-lysosome systems [4] [5] [6] . Furthermore, cleavage of cytoskeletal proteins (such as desmin and α-actinin) by two proteases (such as calpains and caspases) may also contribute to select forms of disuse muscle atrophy [5, 7, 8] .
In the skeletal muscle, the ubiquitin-proteasome system, a major catabolic system, is required to remove sarcomeric proteins and is regulated by forkhead box subfamily O (FoxO) transcription factors [9] . FoxO is a key transcriptional factor involved in various physiological functions in the skeletal muscle, such as metabolism, apoptosis, and cell cycle progression [10] , and has been shown to be regulated by protein kinase B (PKB/Akt) and extracellular signal-related
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kinase (ERK) phosphorylation [11, 12] (Fig. 1A) . These proteins phosphorylate FoxO transcription factors, leading to the exclusion of phosphorylated FoxO proteins from the nucleus and inhibition of their transcriptional function [12] . Importantly, FoxO induces the muscle-specific ubiquitin ligases (E3) atrogin-1/muscle atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1) in response to various cellular stresses [13] . Studies have shown that FoxO transcription factors are required for atrogin-1 and MuRF1 transcription in response to catabolic stimuli [14, 15] . A previous study reported that expression of dominant-negative FoxO inhibits both atrogin-1 and MuRF1 transcription during immobilization [15] . These observations suggest that FoxO-mediated E3 ligase upregulation is critical during disuse-induced muscle wasting; however, the molecular mechanisms involved in disuse-induced muscle atrophy are not completely understood.
Recently, the histone deacetylase (HDAC) 4 has attracted much attention as a central component of muscle transcriptional reprogramming upon denervation [16] [17] [18] [19] . HDAC4 is a class IIa HDAC (HDAC4, -5, -7, and -9) [20] and is known to regulate muscle proliferation, differentiation, and growth by mediating histone acetylation, which leads to transcriptional activation and repression [21] . Moresi et al. and other researchers have demonstrated that class IIa HDACs (HDAC4 and -5), as well as the muscle-specific transcriptional regulator myogenin and downstream E3 ligases, control muscle atrophy following denervation [18, 19, 22] . Moreover, HDAC inhibitors block the expression of myogenin in response to denervation, and HDAC4-knockout mice exhibit protection against neurogenic muscle atrophy induced by denervation [19] . These observations suggest that HDAC4 may play an important role in muscle wasting induced by denervation; however, whether HDAC4 is associated with disuse muscle atrophy (e.g., immobilization) remains unclear. Additionally, HDAC4 shuttles between the cytoplasm and nucleus, where it acts as a transcriptional repressor [23] . In fact, nuclear accumulation of HDAC4 promotes neurodegeneration in ataxia telangiectasia [24] . Therefore, cellular localization of HDAC4 is crucial for the events leading to muscular atrophy. We recently demonstrated that 10 days of hindlimb immobilization resulted in a significant increase in the nuclear accumulation of HDAC4 and a substantial reduction in gastrocnemius muscle weight (-27.3%) [25] . HDAC4 represses the expression of Dach2, a negative regulator of myogenin, thereby activating the expression of E3 ligases that participate in the proteolytic pathway, resulting in neurogenic muscle atrophy [19] . Our data also indicated that nuclear abundance of HDAC4 promotes the expression of myogenin and MyoD mRNA and enhances the expression of atrogin-1 mRNA, a central component of muscle atrophy [25] (Fig. 1B) . These data indicate that the nuclear accumulation of HDAC4 and downstream genes may play an important role in immobilization-induced rat skeletal muscle atrophy and are common phenomena occurring in immobilization, denervation, cancer, and other diseases [17, 19, 22, 24, 26] .
Little is known about the molecular mechanisms underlying the nuclear accumulation of HDAC4. We also observed the nuclear deactivation of AMP-activated protein kinase α (AMPKα) [25] , which can induce the nuclear export of HDAC4 [27] . AMPKα is an important kinase for exercise adaptation and is activated in human skeletal muscle following a bout of exercise in order to upregulate metabolic genes, such as glucose transporter genes [28] . On the other hand, limb immobilization-induced disuse decreases both the energy status of muscles [29] and nuclear AMPKα phosphorylation. Thus, immobilization-induced AMPKα deactivation may be a crucial mediator promoting the nuclear accumulation of HDAC4 and leading to upregulation of atrophy-related gene expression. In contrast, calcium/calmodulin-dependent kinase (CaMK) II is a promising candidate for mediating HDAC nuclear export in denervation-induced muscle atrophy [18, 30] . These findings suggest the existence of different underlying mechanisms between disuse-and denervation-induced muscle atrophy; however, the mechanisms controlling the nuclear abundance of HDAC4 remain unclear.
In summary, our data demonstrated that nuclear accumulation of HDAC4 and upregulation of myogenin and MyoD are induced by immobilization in rat skeletal muscle (Fig. 1B) . These findings suggest that nuclear HDAC4 accumulation may play an important role in disuse-induced skeletal muscle atrophy. Unfortunately, the contribution of HDAC4 to the upregulation of atrophic E3 ligases and the induction of disuse skeletal muscle atrophy remains unclear. Therefore, further studies of the underlying mechanism are needed in order to determine whether the therapeutic inhibition of HDAC4 can ameliorate the progression of muscle atrophy.
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